The aim of this study was to quantify how abnormal dynamic tibiofemoral surface alignment affects the load bearing function of menisci in vivo. Using a sheep model of ACL deficiency, we tested the hypothesis that increased in vivo meniscal loads correlate with greater tibiofemoral surface alignment abnormality. Stifle kinematics were recorded using a bone-mounted instrumented spatial linkage in four sheep before, and at four and twenty weeks (w) after ACL transection. A parallel robotic manipulator was used to quantify stifle kinetics by reproducing each animal's in vivo kinematics and measuring tissue loads during gait. Meniscal resultant loads were estimated from the change in joint reaction force after sequentially removing loadbearing tissues. Tibiofemoral subchondral surfaces were then traced and modeled using thin plate splines. Proximity disturbance is a surface interaction measure used to quantify dynamic tibiofemoral surface alignment abnormality. ACL transection increased meniscal loads by 30-145% at 20w post-ACL transection, whereas the degree of dynamic tibiofemoral subchondral surface alignment varied between sheep. Positive and significant correlations between increased meniscal loads and proximity disturbance values >10mm were observed (R 2 =0.04-0.57; p≤0.05). Our results suggest that the proximity disturbance measure reflects abnormal meniscal loads following ACL injury; however given the range of R 2 values, perturbations in dynamic tibiofemoral subchondral surface alignment do not explain abnormal joint kinetics entirely, and point to the presence of other dynamic compensatory mechanisms that may have a significant bearing on in vivo joint function and long-term joint health.
Introduction
Much work has been done to understand the biomechanical consequences of anterior cruciate ligament (ACL) deficiency, with the view to understand what constitutes abnormal motion, and then to use this knowledge in order to restore joint function as closely as possible in the hope that post-traumatic osteoarthritis (PTOA) can be attenuated (Lohmander, et al., 2007) .
Many have hypothesized that loads borne by the remaining structures of the knee are different following ACL tear (Frank, et al., 2004) . By and large, in vitro (Allen, et al., 2000; Papageorgiou, et al., 2001 ) and numerical (Li, et al., 2002) studies have provided significant evidence to support the hypothesis. In vitro robotic studies in particular have demonstrated that the medial collateral ligament (MCL) and menisci function as secondary restraints to anterior tibial translation during a simulated motion path (Allen, et al., 2000; Kanamori, et al., 2000) . Menisci also play a critical role in distributing contact stress uniformly between the tibiofemoral surfaces of the knee (Shrive, et al., 1978) and in modulating fluid flow within the load-bearing cartilage regions (Adeeb, et al., 2004) . Thus impaired meniscal function is likely to result in joint instability and damage to the underlying articular cartilage (Englund and Lohmander, 2004) . Despite the known consequences of impaired meniscal function, monitoring the presence of either impaired or abnormal dynamic function in vivo, and the relationship to PTOA onset, has been challenging.
Six degree of freedom (6-DOF) tibiofemoral kinematic abnormalities have been well characterized in both ACL-deficient humans (DeFrate, et al., 2006) and in large animal models of ACL injury (Tapper, et al., 2008; Tashman, et al., 2004) . More recently, the term "surface interactions" has been adopted to describe the dynamic motion and alignment of tibiofemoral surfaces, and are believed to play a critical role in PTOA pathogenesis (Andriacchi, et al., 2009 ).
Our group recently introduced a measure of dynamic tibiofemoral alignment in a sheep model of combined ACL and MCL transection. We termed the surface interaction "proximity disturbance" because it captures the change in distance between opposing tibiofemoral surfaces across a region of near proximity (Beveridge, et al., 2014) . That is, injury resulted in some tibiofemoral regions moving much closer together, and other regions moving farther apart. The greater this spread in change in proximity over a smaller contact area common to both intact and post-injury time points, the larger the proximity disturbance value (Figure 1 ). Thus proximity disturbance is a combined measure that quantifies changes in the complex tibiofemoral surface alignment, and is related to contact location and the individual's unique tibiofemoral surface geometry.
Importantly, we showed that the severity of cartilage damage 20 weeks post-ACL/MCL transection in a sheep model is associated with larger proximity disturbance values. At the time, we hypothesized that proximity disturbance may reflect the loading environment of the joint, and could be related to the redistribution of contact stresses within the joint. Because the menisci play a key role in modulating contact stress, meniscal loads may be particularly sensitive to changes in dynamic tibiofemoral surface alignment.
Quantifying how abnormal dynamic tibiofemoral surface alignment affects the load bearing function of menisci would be a first step towards establishing a means to identify and monitor the presence of mechanisms believed to contribute to PTOA initiation in vivo. Using a sheep model of ACL deficiency, we tested the hypothesis that increased in vivo meniscal loads correlate with greater proximity disturbance values.
Methods
In vivo kinematics: Four skeletally mature female Suffolk-cross sheep were halter broken and trained to walk on a treadmill at a standardized speed of 0.9 m/s. Sheep were exercised at least thrice weekly, which consisted of 40 minutes of over ground and treadmill walking. Four weeks prior to kinematic measurement, modified fracture plates (Zimmer, Warsaw, IN, USA) were surgically affixed to the distolateral aspect of the hind right femur, and the proximolateral aspect of the hind right tibia to accommodate a custom removable plate-post assembly (Tapper, et al., 2004) . At the time of kinematic collection, the rigid removable posts were secured to the implanted facture plates, and an instrumented spatial linkage (ISL) was mounted to the posts.
The ISL consists of six rotational encoders, providing 6-DOF to its motion (accuracy = 0.3°/0.3mm), and has been described in detail previously (Rosvold, et al., 2015) . Using the ISL, in vivo kinematics were recorded prior to surgical intervention (Intact), and longitudinally at 4 and 20 weeks (w) post-operatively. At each kinematic session, approximately 200 strides were collected. Surgical intervention consisted of arthroscopic transection of the hind right ACL, also described in detail previously (Atarod, et al., 2014a) . Following the final 20-week in vivo kinematics measurement, animals were euthanized via intravenous injection (Euthanyl, Bimeda-MTC, Cambridge, ON), and hind limbs disarticulated at the hip. All animal procedures were approved by our institutional animal care committee and comply with the Canadian Council on Animal Care guidelines.
Meniscal resultant loads: All soft tissues surrounding the stifle were dissected, save the collateral and cruciate ligaments, and menisci. With the ISL attached, the stifle joint was mounted in a unique 6-DOF parallel robot (R2000-PRSCo, NH, USA; 0.05mm accuracy) by fixing the tibia to a custom fixture equipped with a 6-DOF force/moment sensor (1N/0.1Nm accuracy; Omega 160, ATI Industrial Automation Apex, NC), and the femur to the robot endeffector. A custom-made humidity chamber that surrounded the stifle was used to maintain a consistent level of tissue hydration and temperature throughout mechanical testing. The robot was then programmed to move the femur relative to the tibia while the ISL provided real-time feedback to its control system such that in vivo stifle kinematics of a single real stride that was closest to the average kinematics of the ~200 collected strides at each time point (i.e., Intact, 4 and 20w) were reproduced nearly exactly (reproduction accuracy=0.1°/0.1mm, (Atarod, et al., 2014a) ). Resultant stifle forces were recorded throughout the reproduced gait cycles that were specific for each time point via the force/moment sensor in the custom tibial fixture. The load borne by the menisci for each time point (Intact, 4 and 20w post-transection) was determined using the principle of superposition by sequentially removing each of the stifle structures (Woo, et al., 1999) , and recording the change in resultant stifle load between successive kinematically identical gait cycles that are unique to each animal at each time point (Figure 2 ). Stifle structures were removed in the following order: MCL, lateral collateral ligament, posterior cruciate ligament, lateral meniscus, and medial meniscus.
Proximity disturbance (PD): A detailed description of PD determination is available in the Appendix, and in (Beveridge, et al., 2014) . Briefly, the thin (<1mm) ovine tibiofemoral cartilage was removed and the subchondral surfaces were traced manually with a hand-held coordinate measuring machine (CMM) (Faro, FL, USA, accuracy=0.025mm). A thin plate spline was then fitted to the 3D subchondral surface point clouds (Beveridge, et al., 2013; Beveridge, et al., 2014) . The size of the resulting rectangular mesh that we used to model the tibiofemoral surfaces was 0.50 x 0.50mm. Tibiofemoral proximity was calculated for each of the four tibiofemoral surfaces (medial tibial plateau (MTP) and femoral condyle (MFC), and lateral tibial plateau (LTP) and femoral condyle (LFC)), and proximity disturbance calculated using the methodology described in Figure 1 . Using less accurate video-based motion capture methods, we have shown previously that PD precision is 2.6mm, or equal to roughly half of the interanimal PD variation in uninjured sheep (Beveridge, et al., 2014) . Please refer to the Appendix for additional details on the Proximity Disturbance metric.
Statistics: Using PD and meniscal load data from the entire stride (101 points corresponding to 0-100% Gait), linear regression was used to test for significant correlations between PD (independent variable) and changes in meniscal load (dependent variable). Separate regressions were carried out for each tibiofemoral surface and each sheep. Because the number of degrees of freedom in a statistical model with n=4 was insufficient to test for significant differences in regression slopes (β) across animals, β coefficients ± 95% confidence intervals (CIs) were plotted to visualize the degree that slopes varied between subjects.
Correlations were considered significant if p≤0.05.
Results
Four-week data for Subject #3 were not collected due to lameness, which had resolved by 20w. ACL transection increased meniscal loads for all subjects except for Subject #1 at 4w (Table 1) . Further, medial compartment R 2 values were consistently stronger than lateral compartment values.
Discussion
We sought to determine whether altered meniscal loads correlated with abnormal tibiofemoral surface alignment in ACL deficient sheep. Our results demonstrated that ACL transection led to greater meniscal resultant loads in all animals (shown previously in , but the direction and strength of the correlation was time and subject-specific, with significant correlations being more predominant at the 20w post-injury time point, and being positive only when stifle kinematics were more abnormal during weight-bearing. Therefore, our hypothesis was partially supported, and abnormal dynamic surface alignment does not explain increased meniscal loads entirely.
We have previously described that meniscal loads are coupled with anterior tibial translation both in the intact state, and following ACL transection: an increase in anterior tibial translation of several millimeters during weight acceptance increased meniscal loads dramatically for some animals -on the order of two to three times normal intact values . Results of this previous work support the accepted paradigm that menisci function as secondary restraints to anterior tibial translation, and may be at greater risk of injury due to larger load magnitudes following ACL injury (Allen, et al., 2000; Musahl, et al., 2010; Wieser, et al., 2011) .
Although abnormal anterior tibial translation is a clear indicator of abnormal in vivo dynamic joint function both in large animal models (Mansour, et al., 1998; Tapper, et al., 2008; Tashman, et al., 2004) and in humans (Chen, et al., 2011; Papannagari, et al., 2006) , the coupled nature of 6-DOF tibiofemoral motion means that changes in one degree affect the remaining degrees of freedom to some extent (Atarod, et al., 2014a; Wilson, et al., 2000) . Therefore, small changes across multiple degrees of freedom, in addition to anterior tibial translation, may also impact tibiofemoral contact mechanics negatively; however, small changes in six measures of motion are difficult to relate to specific mechanical mechanisms that damage articular cartilage and contribute to PTOA initiation and progression. These shortcomings led us to develop the proximity disturbance metric, which is a measure of how much injury disturbs normal joint surface alignment (Beveridge, et al., 2014) . In a more unstable combined ACL and MCL transection model (ACL/MCLx), we showed that the severity of gross cartilage damage observed 20 weeks post-injury correlates with increased proximity disturbance values (Beveridge, et al., 2014) . At that time, we speculated that proximity disturbance is likely related to the contact stresses between the articulating surfaces of the knee -including the interface between meniscus and cartilage. The positive correlation between increased meniscal loads and larger proximity disturbance values of the current study lend support to this hypothesis, although it is important to note that this relationship was not universal across all subjects as demonstrated by the variation in regression model β coefficients in Figure 6 . Nevertheless, it stands to reason that if meniscal loads are greater in ACL deficiency, the loads transferred to the articular cartilage are also likely increased, and could be damaging to cartilage. Cadaveric McCarthy, et al., 2013) and numerical analyses (Li, et al., 2002 ) that have shown changes in contact stress distribution during a simulated ACL-deficient motion further support the assertion that abnormal kinematics increases contact stress between the meniscus-cartilage interface of the tibial plateau. Our in vivo results in Figure 4 indicate that the anterior regions of the femoral condyles and posterior regions of the tibial plateaus are in greater proximity at mid-stance following ACL transection, which could be indicative that contact stress is elevated in these regions. However, the menisci could also redistribute the load in a way that transfers increased contact stress to areas more distant from the localized apposing tibiofemoral surfaces in greater proximity. Future investigation that maps in vivo chondral changes alongside proximity disturbance, meniscal function, and joint kinetics measures is likely to yield valuable insight into the relationship between proximity disturbance, meniscal loads, and the spatial distribution of chondral changes following ACL injury.
Proximity disturbance magnitudes of the ACLx sheep were less than those of the more unstable ACL/MCLx model reported previously (peak PD values for ACL/MCLx: 40-60mm) (Beveridge, et al., 2014 (Beveridge, et al., 2014) . Importantly, these sham-operated animals do not go on to develop OA-like changes 20w
post-arthrotomy. In the current study, positive correlations between increased meniscal loads and proximity disturbance values emerged when proximity disturbance during stance exceeded 10mm. The presence of negative correlations between meniscal loads and proximity values (Table 1) resulted from meniscal loads and small PD values fluctuating in opposite directions within the gait cycle (e.g., Subject #1, Figure 5 ), and were observed in sheep that exhibited minimal changes in joint surface alignment. Taken collectively, our results suggest that a "safe" proximity disturbance threshold may exist that, once exceeded, joint kinetics are adversely affected and cartilage damage is likely to develop.
We also observed that medial compartment R 2 values were consistently greater than those of the lateral compartment (Table 1) . Magnitudes of neither meniscal resultant loads nor proximity disturbance values seem to explain this trend. Femoral condyle, tibial plateau, and menisci geometries are different between medial and lateral compartments of the ovine stifle (Allen, et al., 1998; Osterhoff, et al., 2011; Proffen, et al., 2012) , so perhaps an interaction exists amongst these geometries, alignment and meniscal function that is not obvious from our current data. Numerical models based on subject-specific tissue and osseous geometries, kinematics and kinetics that examine the soft tissue behavior of the cartilage and menisci may be a useful approach to examine these hypothesized interactions more deeply.
A key outcome of this investigation was that there was significant individual variability in the kinematic response to identical ACL transection procedures (Figure 4 ), but nearly ubiquitous increases in meniscal resultant loads by 20w post-ACL transection (Figure 3 ). While this inter-subject variability in ACLx kinematics is consistent with previous kinematic studies in sheep (Frank, et al., 2012; Tapper, et al., 2004) , and recapitulates the functional variability observed in human ACL deficiency (von Porat, et al., 2006) , other dynamic mechanisms not captured by the proximity disturbance metric must also be modulating meniscal resultant loads. Co-contraction of knee flexor agonist and antagonist muscle groups would improve joint stability by way of increasing functional joint stiffness, and could explain the increased meniscus loads observed in these animals (Liu and Maitland, 2000; Tsai, et al., 2012) . Coordination of agonist and antagonist muscle activation may also contribute to the smaller oscillations in both proximity disturbance values and meniscal loads that are apparent throughout the gait cycle (Figures 2 &   5 ). Muscles that act to provide joint stability could be firing at low load and frequencies in order to correct the joint position throughout gait. The variability of within-subject R 2 values and β coefficients over time further supports our speculation that some animals were able to adapt functionally to ACL deficiency: R 2 values that became weaker or negative over time as result of decreasing PD values suggests that dynamic surface alignment became more "normal" over time. Contrary to our hypothesis, abnormal in vivo joint kinetics -increased meniscal resultant loads, specifically -can be present with or without abnormal dynamic surface alignment. It is unclear what effect prolonged increased meniscal loading with near normal dynamic surface alignment will have on long-term joint health; however, our previous study in the ACL/MCLx model (Beveridge, et al., 2014) suggests that the presence of abnormal dynamic surface alignment is certainly detrimental. Future investigations that incorporate measures of neuromuscular control in tandem with in vivo kinetic, kinematic, and surface interaction measures will allow us to tease apart the interplay of these mechanical mechanisms and their contributions to PTOA pathogenesis.
We acknowledge that our study has several limitations. The use of a large animal model and the technical challenge of the approach itself limited the number of animals included; however, by using each animal as its own internal control and by implementing a repeated measures design, we increased the statistical power to detect meaningful relationships between dynamic tibiofemoral surface alignment and meniscal function. Nevertheless, inclusion of more animals would add more confidence to our findings and would allow us to apply more sophisticated statistical analyses to define a proximity disturbance threshold that accurately predicts meniscal resultant loads and to test whether slopes of the meniscal force-PD regression models are different between animals. Answers to these questions would help establish thresholds for clinically meaningful associations. We also acknowledge that all kinetic measures, including "Intact" measures, were reproduced at 20w post-injury. It is possible that the material properties and geometries of the remaining tissues changed over time in response to mechanical and biological perturbations of the stifle milieu (Frank, et al., 2004; Funakoshi, et al., 2007; Mow, et al., 2005; Ochi, et al., 1997) . This could mean that Intact and 4w meniscal force measures may not reflect the earlier time point function exactly. If cartilage and menisci had become more compliant over the 20w time frame, true meniscal forces would have been greater at earlier time points, thereby reducing the magnitude of the calculated change in post-operative meniscal loads. However, the total load borne by menisci at the Intact time point as a percentage of body mass of the four ACLx sheep of the current study are comparable to those of uninjured sheep measured using identical methods (ACLx = 68-87% vs uninjured = 53-71% body mass) (Rosvold, et al., 2016) . Therefore, we have reason to believe that the magnitude of change in the mechanical properties of the menisci in this injury model remains subtle at 20w, with limited effect on our estimates of Intact meniscal loads.
Although gross meniscal damage or cartilage loss was not noted in any of the stifles at the time of sacrifice, it is also possible that subtle changes in these soft tissue geometries occurred, and could have influenced our results. Future studies that monitor stifle tissue morphology are needed to determine the natural history of stifle cartilage, osseous and meniscus geometry changes within the 20-week post-injury timeframe in this large animal model.
A limitation of the superposition technique in estimating resultant meniscal loads is that the boundary conditions of load-bearing cartilage are different following complete meniscectomy. In the absence of a meniscus, the cartilage regions normally compressed by the meniscus could expand, and lead to a small increase in cartilage-cartilage contact area. This increase in cartilage-cartilage area would allow more load to be transferred across the joint, and ultimately reduce the proportion of resultant joint load attributed to menisci load-bearing. Conversely, fluid support may be reduced in the absence of a meniscus, and reduce cartilage load-bearing capability, leading to an overestimation of meniscal resultant load. The reader is referred to the Appendix where a detailed discussion and illustration of these phenomena is provided. Despite these limitations, the superposition approach is the only indirect technique that does not require inserting a device directly into joint or tissue to record loads of in vivo gait cycles reproduced by the robot.
Although changes in tissue hydration could affect the viscoelastic behaviour of the stifle soft tissues ex vivo, we believe that these effects would not have influenced our conclusion for two reasons: 1) a humidity chamber was employed throughout the ex vivo robotic mechanical testing procedure to prevent tissue dehydration; and 2) if changes in tissue hydration impacted resultant load measures significantly, the bias was likely consistent between subjects because the testing protocol was systematic.
Lastly, the sheep stifle is not identical to the human knee, but it does exhibit many aspects of human PTOA following ACL injury and is a reasonable anatomical approximation of the human joint (Allen, et al., 1998; Osterhoff, et al., 2011) . With respect to meniscal function specifically, the material properties of sheep menisci are most similar to those of human in comparison to other animal models (bovine, porcine, canine, and monkey) (Joshi, et al., 1995) .
Our study also had several strengths. In contrast to existing studies that have investigated the load bearing function of menisci at discrete flexion angles within simulated or passive motion paths (Allen, et al., 2000; Papageorgiou, et al., 2001) , our data are based on subject-specific in vivo joint kinematics for an actual gait stride. Given that we have previously shown that perturbations of only 0.5mm in subject-specific gait paths can increase tissue loads by up to 100% (Atarod, et al., 2014b; Darcy, et al., 2007) , we believe that using subject-specific in vivo motion as input to our mechanical testing platform is critically important if are to quantify in vivo meniscal function accurately. Our approach is therefore unique, and provides new insight into the sensitivity of joint kinetics to perturbations in in vivo joint kinematics and to other mechanisms that may modulate tissue loads independently of abnormal dynamic surface alignment. We also were able to assess changes in joint function relative to the intact state, which eliminates the use of the contralateral limb as a baseline measure. Lastly, we related the change in meniscal function to a surface interaction measure that we know is related to increased cartilage damage (Beveridge, et al., 2014) . Future investigations that incorporate simultaneous measures of contact stress would allow us to test the hypothesis directly that increased proximity disturbance values are a reasonable surrogate for tibiofemoral contact stress.
In conclusion, we showed that increased in vivo meniscal loads correlate with greater proximity disturbance values in some, but not all, ACL-transected sheep. Our results suggest that the kinematic proximity disturbance measure can reflect abnormal joint kinetics, and abnormal meniscal loads specifically; however, perturbations in dynamic tibiofemoral surface alignment do not explain the increase in meniscal loads entirely, and point to the presence of other dynamic compensatory mechanisms that may have a significant bearing on in vivo joint function and long-term joint health.
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